The ability to manipulate polarization of light on a chip is of fundamental importance for many applications. Here, we demonstrate an ultrabroadband quarter-wave plate for silicon photonics based on pure dielectric waveguides. The concept of birefringence is used to introduce a phase lag of π/2 between two orthogonally polarized modes in nanophotonic waveguides, such that a quasi-linearly polarized mode is converted into a quasi-circularly polarized mode, which is accompanied with a longitudinal optical vortex component due to the spin-orbit interaction. Our device is ultracompact (2.3 μm) with low insertion losses (around 0.05 dB), and it allows for an ultrabroad operation bandwidth of 280 nm around 1.55 μm. We also propose a half-wave plate structure, which can either serve as a chiral converter for quasi-circularly polarized modes or a polarization rotator for quasi-linearly polarized modes. These results may find important applications in many fields, such as integrated quantum computing and polarization handling on a chip.
Introduction
Polarization is a fundamental characteristic of light. The manipulation of polarization has attracted increasing attention in recent years as it plays an important role in light-matter interactions [1] , [2] , such as laser cooling and optical manipulation, which can be highly polarization dependent. Thus, the control of polarization is of essential significance for a variety of optical platforms such as free space and integrated photonics systems [3] - [6] . Remarkably, circularly polarized mode, which is related to spin angular momentum via the classical-quantum correspondence principle, is extremely desired as its role in benefiting quantum information processing [7] and other applications including imaging [8] , sensing [9] and optical communication [10] - [12] , has been revealed.
In many optical and optics-quantum systems, quarter wave plates (QWPs) are commonly used components for the conversion between a linear polarization and a circular polarization. To date, a great number of schemes have been proposed and demonstrated for the manufactures of QWPs. Traditionally, the QWPs are constructed out of birefringence crystals [13] , [14] . However, these components are relatively large, the dimensions of which can be anywhere from hundreds of micrometers to several centimeters. Consequently, they are not suitable candidate for future sophisticated research activities where a compact footprint is required. A reduction in the sizes of optical components is so far a key challenge in photonics. With recent advances in nanostructure fabrications, the trend toward miniaturization has generated considerate interest in polarization handling devices based on integrated platforms. Metasurfaces and metamaterials, which have been widely investigated for the control of spins of photons recently [15] , are two important solutions that address the integrated challenge. Although they provide a substantial reduction in the footprints of devices, there are still several issues that need to be solved, such as a narrow operation band [16] - [18] and the low polarization conversion efficiency [19] , [20] . Moreover, plasmonic structures are usually involved in these devices, and thus it comes with the cost of optical losses that are often undesired [21] - [24] . As a third choice, nanophotonic waveguides have drawn a considerable interest for their unique ability of controlling the polarization of light down to sub-wavelength scale [25] , [26] . In particular, hybrid plasmonic waveguides exhibit huge birefringence effect, which can be used for the manufacture of QWPs. However, these waveguides suffer from narrow operation bandwidth, less than 40nm under the requirement of the phase lag between two orthogonal modes around π/2 with the fluctuation of π/16 [26] . For many applications, achieving the functionality of wave plates using silicon photonics platforms, rather than the bulk photonic crystals or plasmonic structures, would be preferable.
In this work, we propose and numerically demonstrate, for the first time to our knowledge, an on-chip QWP based on pure dielectric waveguides, in which the concept of birefringence is used to realize the conversion between a quasi-linearly polarized mode and a quasi-circularly polarized mode. Importantly, unlike the situation in free space, where the spin and orbital angular momentums are widely believed to be independent, the spin of light does indeed affect its orbital motion and vice versa in nanophotonic waveguides [27] - [29] . For that reason, the quasi-circularly polarized mode in nanophotonic silicon waveguides is not purely transverse, but instead, accompanied with a longitudinal vortex component. The underlying principle of this phenomenon is spin-orbit interaction, which can occur when the light field is strongly confined in the transverse direction [26] , [28] , [29] . The quasi-circularly polarized mode in nanophotonic waveguides is an optical analogue of a strongly focused circularly polarized beam in free space, where a considerable longitudinal optical vortex component is found in the vicinity of the focused spot [30] . Remarkably, the proposed device is ultra-compact (2.3 μm) with low insertion losses (around 0.05 dB) and ultra-broadband operation (280 nm) around the telecom wavelength of 1.55 μm. Also, we propose a half-wave plate (HWP) structure which can be used to switch the handedness of a quasi-circularly polarized mode and rotate the polarization of a quasi-linearly polarized mode. These results are expected to open new perspectives for polarization handling in nanophotonic silicon waveguides, and they may find important applications in many optical systems with limited physical space, such as integrated quantum information processing and nano-optical manipulation. Fig. 1(a) shows the schematic of the proposed QWP that converts a quasi-linearly polarized mode (ϕ = π/4) into a right-handed quasi-circularly polarized one, where ϕ is the angle down from the positive x-axis. For practical implementation, a fiber-optic polarization controller is required for the control of input mode polarization and the optical energy can be coupled into the input port by using a tapered fiber lens tip [31] , [32] . The proposed device consists of three sections: an input and output port where the height and width of the silicon core are equal (h = w = 0.34 μm) and a birefringence section where w ࣔ h = 0.34 μm. The whole structure is surrounded by silica (SiO 2 ).
Birefringence Effect Enables the Design of a Quarter-Wave Plate
In the input and output waveguides, the effective indices (n eff ) of the fundamental (zeroth order) quasi-TM mode (whose dominant polarization component points along the x-axis) and the quasi-TE mode (whose dominant polarization component points along the y-axis) are equal due to the diagonal symmetry of geometry. However, in the birefringence section, the quasi-TE and -TM modes exhibit huge birefringence effect as long as the height and width of the silicon core are not equal. To illustrate this point, we plot the dependences of effective indices of quasi-TE and -TM modes and their difference ( n eff ) on the width (w) in Fig. 1 (b). For w < 0.34 μm, the birefringence effect is relative more obvious compared with the one with w > 0.34 μm. Fig. 1(c) shows the quasi-TE mode at different waveguide sections with various widths.
However, equal amplitudes of two orthogonally polarized components are often desired for the design of a QWP. Therefore, the transmissions of the two modes in the device are significant ingredients in the selection of geometric parameters. When light couples from the input section to the birefringence section (A to B) or from the birefringence section to the output section (B to C), the insertion losses occur due to the mode coupling between different waveguide sections. The power transmission is defined as the power ratio between the input port and the corresponding output port. Fig. 1(d) and (e) shows the dependences of power transmissions, respectively from A to B and from B to C, on the width of the birefringence waveguide. Although a narrower width (w < 0.34 μm) indicates a larger birefringence [see Fig. 1(b) ], the transmission of the quasi-TE mode decreases rapidly as the width decreases, especially from A to B. Thus, it is reasonable to choose the parameter w > 0.34 μm. Under this circumstance, the quasi-TE and -TM modes suffer from relative close coupling loss compared with the ones w < 0.34 μm when light travels between different waveguide sections. However, the choice of w cannot be excessive, since higher order modes will get stimulated for a large w parameter. In that case, the wider section cannot be used as a birefringence section any more since higher order modes are excited and thus this section is functioning as a multi-modes interference (MMI) devices. Thus, we choose w = 0.44 μm, which is adequate to achieve roughly equal amplitude of the two orthogonal modes at the output port while it is not sufficient enough to stimulate a high proportion of higher order modes. We would like to emphasize that the insertion losses of mode coupling, which happen when light travels through different waveguide sections with various widths, could be reduced by employing taper structures [33] - [35] . The insertion loss is defined as -10log(P out /P in ), where P in/out are the optical powers monitored at the input and output ports. The Eigenmode Solver [available in finite-different time-dominate (FDTD) Solutions package from Lumerical Inc.] is used in this work to obtain the eigenmodes supported in the proposed structure. In the case that w = 0.44 μm, the effective indices for the quasi-TE and -TM modes are, respectively, calculated as 2.6465 and 2.4762, and their difference is n eff = 0.1703 at the wavelength of 1.55 μm.
Spin-Orbit Interaction and Broadband Performance of the Proposed Device
At the input port, the ϕ = π/4 quasi-linearly polarized mode can be decomposed into a quasi-TE mode and a quasi-TM mode, which is illustrated in Fig. 2(a) . After passing through the birefringence waveguide, there will be a relative phase (δ) between the two modes, which can be express as
where L is the length of birefringence waveguide, while δ denotes the phase difference caused by other factors, such as the mode coupling between different waveguide sections and the effect of higher order modes. A QWP requires a phase lag of π/2, and thus, the length of the birefringence section is calculated to be L = 2.33 μm at the wavelength of 1.55 μm, assuming that δ = 0. This theoretical value is in agreement with the simulated one, 2.3 μm. Although the assumption of δ = 0 is not precisely exact, especially for consideration of higher order modes, it is a good approximation since most optical energy is in the form of fundamental modes in such nanophotonic waveguides. The insertion loss is calculated to be around 0.054 dB, since the overall transmission of the proposed devise is 0.9877. Fig. 2(b) shows the electric field and phase profiles (|E|, |E z | and z ) of the output left-handed quasi-circularly polarized mode, which can be decomposed into a quasi-TE mode and a quasi-TM mode with a relative phase of π/2 between them.
It is worth remarking that due to the strongly transversal confinement, the light field in nanophotonic waveguide is not purely transverse and instead, a strongly longitudinal component (E z ) occurs as a result of the total internal reflection at the boundaries of the waveguide [36] . The underlying mechanism enables this phenomenon is spin-orbit interaction [27] , [28] , [37] and the polarization of light is position-dependent in the cross-section of waveguides. In particular, recent advances show that the spin of photons is perpendicular to the propagation direction for a quasi-linearly polarized mode [38] , while for a quasi-circularly (elliptically) polarized mode, the spin can be neither perpendicular nor parallel to the propagation direction [39] . In this work, we decompose the light field (E) in silicon nanophotonic waveguide into a transverse component (E T ) and a longitudinal component (E z ), which is E = E T + E z , and their relationship is given by [26] , [36] 
where β = neff(2π/λ) is the propagation constant, and ∇ T is the transverse gradient. Equation (2) indicates that the polarization states of photons are position-dependent in the transverse plane (xyplane) of the Si waveguide. For example, at the central point of the Si waveguide, the light field is purely transverse since |E T | reaches its maximum and |E z | = 0 [39] . Therefore, it is reasonable to use the polarization at the middle of the waveguide to represent a certain mode, and this method will be used throughout this paper. A quasi-circularly polarized mode in the Si waveguide is accompanied with a longitudinal optical vortex component [see Fig. 2(b) ]. The underlying physics of this phenomenon is spin-orbit coupling, which occurs when the light field is strongly confined in the transverse direction [27] - [29] , [38] .
The simulated results of electric field (|E|) evolution in the birefringence waveguide section are shown in Fig. 3 (above) . We calculate the center point polarizations at various propagation distances (z) according to Eq. (1), assuming that δ = 0. The calculation results are shown at the bottom of Fig. 3 . Interestingly, the electric field distributions (|E|) of the modes at different propagation distances are spatially different. In free space, the spatial mode distribution is independent of the polarization of light. However, in nanophotonic waveguides, these two quantities will get connected due to the spin-orbit interaction [28] . This mechanism accounts for the dependence of field distribution on polarization in nanophotonic waveguides, which is our case.
Light beam travelling in nanophotonic waveguide is similar to light beam focused by a lens in free space. However, they are physically different. Unlike the tightly focused beams in free space, where light diverges rapidly after the focal region, the light remains a constant mode distribution in any propagation distance when it travels in the nanophotonic waveguide. The quasi-linearly polarized mode and quasi-circularly polarized mode in nanophotonic waveguide are similar to focused linearly and circularly polarized light in free space, but they remain constant mode distributions in nanophotonic waveguides. The difference between a quasi-linearly polarized mode and a quasi-circularly polarized mode lies in the polarization at center point, with one being linearly polarized while the other is circularly polarized.
An interesting characteristic of the proposed device is ultra-broadband operation. To help understanding of this characteristic, we plot the wavelength dependence of the effective indices for the two orthogonally polarized modes in Fig. 2(c) (above, blue) . Correspondingly, after passing through the birefringence waveguide with a length L = 2.33 μm, there is a relative phase (δ) between the two modes, and its wavelength dependence is shown on the lower part of Fig. 2(c) . For a QWP, it is often desired to have a relative phase around π/2 with small phase fluctuations within ±π/16. In that case, the proposed device allows for an operation bandwidth of 280 nm around 1.55 μm, far exceeding its hybrid plasmonic waveguide counterpart in the previous report (less than 40 nm) [26] . A three dimensional finite difference time domain (3D-FDTD) method is applied to verify the above analysis. We assume a ϕ = π/4 quasi-linearly polarized mode, where its two orthogonal polarized components are of equal amplitude, is launched at the input port waveguide. The electric field profiles (|E| and |E z |), and the electric field at the middle of output waveguide of various wavelengths (λ = 1.42, 1.55, 1.70 μm) are shown in Fig. 2(d) . It is clear that there is only a minor difference in the uniformity of electric field profiles at different wavelengths.
Tolerance for Fabrication Imperfection
The QWP is very sensitive to fabrication imperfection, since the birefringence effect very much depends on the width (w) of the birefringence section. Thus, the parameter w [see Fig. 4(a) ] is expected to have a significant influence on the quality of the output beam. A change in the width of the QWP leads to a change in the effective indices of both quasi-TE and -TM modes at the wavelength λ = 1.55 μm, the dynamics of which is shown in Fig. 4(b) . When light travels through the birefringence waveguide section, a relative phase is accumulated, which can be calculated by Eq. (1). We have considered the scenario where the parameter of w changes from 0.38 to 0.48 μm. As shown in Fig. 4(b) , for the requirement of the relative phase π/2 ± π/16 at the wavelength of 1.55 μm, the tolerance of fabrication is 40 nm around w = 0.44 μm. Also, the waveguide length (L) is another important parameter that determines the performance of the device. Its fabrication tolerance can be evaluated by Eq. (1). Provided the small vibration of ± π/16 for the relative phase of the output mode, the tolerance of waveguide length (L) is calculated to be ± 0.2845 μm. The proposed structure does not require complicated fabrication process, which can be simply obtained by one step mask etching. 
HWP Enables Chiral Conversion and Polarization Rotation
We have demonstrated the scheme of converting a ϕ = π/4 quasi-linearly polarized mode into a quasi-circularly polarized mode, which is the functionality of an on-chip QWP. However, for some practical applications in many fields, such as integrated quantum computing and on-chip biosensing, it is more desirable to convert the chirality of quasi-circularly polarized mode on a chip instead of bulk devices where the external "force" or magnetic field are required [40] , [41] . An on-chip HWP is thus desired to meet this requirement of integration.
The accumulation of the relative phase (δ) between two orthogonally polarized modes relies on the birefringence effect and the length of the device (L). By simply doubling the length of the birefringence waveguide section, a HWP can be obtained, which is able to convert a left-handed quasi-circularly polarized mode into a right-handed one on a chip level and vice versa. The length of the birefringence section is chosen as L = 4.66 μm. Thus, according to Eq. (1), the relative phase between the two orthogonal modes are calculated to be π, which coincides with the simulation result where the length is choose to be L = 4.7 μm. Fig. 5(a) illustrates the functionalities of the proposed HWP. It converts the chirality of a quasi-circularly polarized mode. Also, it can be used as a polarization rotator that rotates a ϕ = π/4 quasi-linearly polarized mode into a ϕ = −π/4 one. Additionally, Fig. 5(b) and (c), respectively, show the scenarios for a left-handed quasi-circularly polarized input mode and a ϕ = π/4 quasi-linearly polarized input mode.
Actually, this behavior can be mathematically expressed by the Jones matrix. The proposed device is an integrated HWP whose optical axis orienting at ϕ = π/4, where ϕ is the angle down from positive x-axis. Its Jones matrix is 
Conclusion
To summarize, we have demonstrated an ultra-compact (2.3 μm) QWP structure with low insertion losses (around 0.05 dB) based on a pure dielectric waveguide section that exhibits huge birefringence effect, and it allows for an ultra-broad operation bandwidth of 280 nm around the wavelength of 1.55 μm. Moreover, the concept of birefringence is also used to build a HWP, which can be used as a chiral converter or a polarization rotator. These results have demonstrated the potential of polarization handling for integrated silicon photonics, which will extend the applications of nanophotonic silicon waveguides. Also, the proposed devices may find important applications in many fields where the control of polarization is required, such as optical communication, optical manipulation, and on-chip quantum information processing.
